Composite TiBC-SiC film coatings with various contents of SiC were deposited on Si wafer at 800°C from a mixed solution of titanium tetra-ethoxide, boron tri-ethoxide and/or hexa-methyl-disiloxane by an Ar/H2 thermal plasma CVD. The crystalline phases (TiB2, TiC, SiC) in the coatings are identified by thin film grazing incidence X-ray diffraction. The surfaces and crosssections of the monolithic TiBC and SiC and composite TiBC-SiC coatings are observed by scanning electron microscopy. The microstructure of a cross-section of composite TiBC-55 mol% SiC film is observed by transmission electron microscopy with EDX analysis. The wear rates of the composite TiBC-SiC film are evaluated from cross-sectional profiles of the residual wear tracks formed by ball-on-disk wear tests using SUS and alumina balls with their results correlated with the SiC content and film hardness.
Introduction
Titanium diboride and titanium carbide (TiB2, TiC) have superior properties such as high hardness, high wear resistance, high electrical conductivity, high corrosion resistance against molten metals and a high melting point (> 3000°C). 1) Such excellent properties make TiB2-TiC composites a promising candidate as a coating material on cutting tools.
2), 3) Composite, multiphase, and multi-layer Ti-B-C or Ti-B-C-N coatings on cutting tools have also been performed to increase their service life with their high wear and corrosion resistance. 4)-10) These TiB2-or TiCbased multiphase or multilayer coatings have been produced mainly from the corresponding chloride or organometallic gases by thermal chemical vapor deposition (CVD) or plasma enhanced (PE) CVD. The use of such highly corrosive chloride gases (TiCl4, BCl3, or AlCl3) involves difficulties with handling in atmosphere. Apart from these CVD, TiC/TiB2 or nanostructured Ti-B-N film coatings have also been achieved by physical vapor deposition (EB-PVD) or direct current magnetron sputtering.
11)-13)
To avoid the use of corrosive chloride gases, alkoxides have been proposed to use as an alternative starting material for coatings on steels or cutting tools. 14) There are several advantages in the use of alkoxide solutions in that they are commercially available and inexpensive, environmentally friendly and relatively stable in organic solvents, compared with halogens or organometallic gases. One of the authors (S. S.) has reported the coatings of monolithic films (TiN, TiC, AlN and SiNx) and their composite films (TiC-TiN, TiN-AlN and TiN-SiNx), using a thermal plasma CVD designed to feed the alkoxide solutions into a Ar/ N2/H2 plasma.
14)-22) They have also reported the deposition and high wear resistance of composite TiBCN film coatings from the alkoxide solutions by thermal plasma CVD. 22) Since TiB2-or TiC-based coatings are relatively easy to oxidize during mechanical machining due to an increase of operation temperature, alumina coatings on TiB2-or TiC-based films have been commercially achieved by thermal CVD with the aim of improving oxidation and wear resistance. Although SiNx-or SiC-containing coatings are thought to be unsuitable as cutting media due to the easy reaction of Si component with its steel counterpart, they are beneficial due to their high hardness and suppression of the oxidation of underlying TiB2-or TiC-based films at increased temperatures during the machining operation. SiNx coatings on TiBC and TiBN films with the higher wear resistance comparable to commercial Al2O3/TiN films have been successfully deposited on WC-Co cutting tools by thermal plasma CVD using the alkoxide solutions. 22) SiC-containing TiBC or TiBCN coatings also are expected to increase the wear resistance due to their high hardness and oxidation resistance. Because there has not been any report on the coatings of composite TiBC-or TiBN-SiC films, it is of value to reveal how these composite TiBC-SiC film coatings can be deposited from alkoxide solutions by thermal plasma CVD, with a high wear resistance. The present report describes the deposition on Si wafers of composite TiBC-SiC films with various contents of SiC from a mixed solution of titanium tetra-ethoxide (Ti(OC2H5)4:TTEO), boron tri-ethoxide (B(OC2H5)3:BTEO) and hexa-methyl-disiloxane ((CH3)3SiOSi(CH3)3, HMDS) by an Ar/H2 thermal plasma CVD. The microstructure characteristic of composite TiBC-SiC coatings is observed by scanning electron microscopy and transmission electron microscopy. The wear properties of the composite TiBC-SiC coatings are investigated by ball-on-disk wear tests to clarify the relationship between the content of SiC and the wear properties.
Experimental procedures
The starting alkoxide solutions of TTEO, BTEO and HMDS † Corresponding author: S. Shimada; E-mail: shimashi@eng.hokudai. ac.jp Paper were commercially available from MERCK Schuchardt (95% purity), ACROS Organics (97% purity) and Kanto Chem. Co., Ltd., (95% purity), respectively. The 1:2 molar ratio mixed solution of TTEO and BTEO dissolved in a mixture of ethanol and di-ethanol-amine was used as the precursor solution for TiBC coatings. For preparation of composite TiBC-SiC coatings, the mixture of the HMDS and precursor solutions with a molar ratio of 1.0:0.25-1.0 was fed into a thermal Ar/H2 plasma at a rate of 0.1 ml min -1 using a high pressure liquid chromatography (HPLC) pump (GULLIVER PU-980, JASCO Co.). The plasma apparatus is described in details elsewhere. 14) The substrate upon which the coating was deposited was Si (001) wafer. The deposition temperature and time were approximately 800°C for 20 min.
The phases formed on the film were identified by thin film grazing incidence X-ray-diffractometry (GIXRD; RIGAKU Co., Rint 2000) with Cu Kα radiation, where an incident angle to the surface of coating was taken as θ = 1°. The amounts of TiB2, TiN, SiC and free carbon with minor elements of N and O on the film surfaces were semi-quantitatively determined from the XPS peak area ratios (Shimadzu Co., ESCA-3200) using the Ti2p, N1s, B1s, C1s (bonded and free carbon), and O1s spectra with Mg-Kα radiation after sputtering the surface in a short time with Ar ions. The binding energy of the elements was corrected by reference to free carbon appearing at 284.6 eV. Surfaces and cross-sections of the coatings were observed by scanning electron microscopy (SEM; JEOL Ltd., JSM-6300F). Transmission electron microscopy (TEM) attached with EDX (JEOL Ltd., JEM-2000 FX, Tokyo Japan) was used at an accelerating voltage of 200 kV to reveal the microstructure of composite TiBC-SiC films deposited on Si wafer with the semi-quantitative determination of the Ti and Si by energy-dispersive X-ray analysis (EDX). Vickers micro-hardness of the monolithic TiB2 and SiC and the composite TiCN-TiB2 films was measured at a load of 100 mN.
The wear resistance of the composite TiBC-SiC coatings on Si wafer was evaluated by ball-on-disk wear tests (Tribometer, CSM Instruments, South Africa). This wear test was carried out using both SUS and alumina balls of 6 mm-diameter at a normal load of 1.0 N, with a 4 mm sliding diameter, at 5 cm s -1 sliding speed and 10 m sliding distance at 20°C and about 40% humidity. Wear tracks and scars were observed by SEM with EDX analysis. Wear volume of the specimens was evaluated from cross sectional profile of the residual wear tracks using a ultradepth color 3 D laser microscopy (VK-9510, KEYENCE Co., Japan). The friction coefficient (μ) of the composite TiBC-SiC coatings was also evaluated by this ball-on-disk test. Figure 1 shows the GIXRD patterns of the monolithic TiBC and SiC and composite TiBC-SiC films deposited on Si wafers at 800°C from the mixed solution of TTEO, BTEO and/or HMDS by an Ar/H2 thermal plasma CVD. The mixture of TTEO and BTEO at a 1:2 molar ratio gives the broad peaks of TiB2 and TiC ( Fig. 1(A) ), confirming the deposition of composite TiB2-TiC films, designated as TiBC hereafter. An addition of the 25 mol% HMDS solution to the mixture of TTEO and BTEO produces the overlapped peaks of TiC and SiC without the detection of TiB2 ( Fig. 1(B) ). Further addition of the 50 and 100 mol% HMDS broadens the TiC and SiC peaks (Figs. 1(C) and (D)) and the HMDS solution alone produces β -SiC with minor phase of α -SiC ( Fig. 1(E) ). Table 1 shows the surface composition of the monolithic TiBC and SiC and composite TiBC-SiC coatings determined semiquantitatively by XPS analysis. When the mixture of TTEO and BTEO at a 1:2 molar ratio was fed into the plasma, the composite films of TiB2 and TiC with a 1:1 molar ratio were formed. When the HMDS solution from 25 to 50 to 100 mol% was added to the precursor solution of TTEO and BTEO, the composite TiBCSiC films with the TiC:TiB2 = 2:1 were formed with the content of SiC increasing from 40 to 55 to 60 mol%, respectively, labeled as TiBC-40, -55 and -60SiC. It is noted that the impurities of free carbon and oxide/nitride in the films were less than 16 mol%, which were derived from carbon/oxygen of alkoxides and nitrogen of di-ethanol-amine.
Results and discussion

Coatings of composite TiBC-SiC films on Si wafer
The surfaces and cross-sections of the monolithic TiBC and SiC and composite TiBC-SiC films are shown in Fig. 2 . 200-500 nm sized particles with very small pores are seen on the surface of TiBC films (Fig. 2(A) ). The TiBC-40SiC film surface is composed of densely packed particles of < 1 μm size (Fig. 2(B) ). The surfaces of TiBC-55SiC and -60SiC films are covered with rel- JCS-Japan atively densely packed angular particles (Figs. 2(C) and 2(D) ). The SiC film shows a relatively rough surface with agglomerated particles of about 1 μm (Fig. 2(E) ). Cross-sectional observation shows the coating of the TiBC and TiBC-40SiC to be composed of columnar particles 0.3-0.5 μm thick with small spaces 100 nm wide between them. These spaces became narrower with an increase of the content of SiC in the TiBC. As a result, the very dense structure for the TiBC-55SiC and -60SiC films was formed (Figs. 2(C) and 2(D)). The SiC film has densely packed particles of 200-300 nm size on Si wafer ( Fig. 2(E) ). The thickness of all these films was about 1.5 μm.
The cross section of TiBC-55SiC film was observed by TEM (Fig. 3) , showing the formation of two layers (see arrows), which are composed of an underlayer with dense columnar particles of 20 to 50 nm wide × 200-300 nm long and an overlayer with large triangle shaped columns of 200-500 nm wide × 1 μm thick. It is seen from an enlarged image ( Fig. 3(B) ) that very fine equiaxed grains less than 10 nm size grow up to 30 nm thick on Si, acting as sites for successive growth of columnar SiC particles. The amount of Ti and Si in four distinct areas specified as spots 1-4 was determined by EDX, since carbon coating was performed on the film for TEM observation and B was not detected by EDX. At spot 1, Si was detected, namely, identified as Si wafer. Long dark needles at spot 2 had Ti-rich composition with the atomic Ti/Si ratio of 4, while the light area at spot 3 was Si-rich phase with the atomic Ti/Si of 0.5. The dappled region at spot 4 contained almost the same content of Si and Ti. Together with the XRD results, it is understood that the composite TiBC-SiC films are composed of TiBC needles 30-60 nm wide × 30-300 nm long growing vertically into SiC, which partly contains fine TiC grains.
Wear measurements of composite SiC-TiBC
coatings by ball-on-disk Figure 4 shows SEM images of wear surfaces of TiBC-SiC coatings obtained after ball-on-disk tests using SUS balls. The relative amount of Si, Ti and Fe/Cr was determined by EDX at locations 1-4, as shown in Table 2 , corresponding to the chipped track, the track center, the side of the track and the unworn film surface, respectively. It is known that abrasion is characterized by development of grooves and ridges in the direction of tool sliding against a newly machined surface of the coating, while adhesion wear involves the mechanism in which individual grains or their small aggregates are pulled out of the film surface and are carried away at the underside of the chip or torn away by the adherent work piece. 23) It has been also reported in the abrasive wear that debris is deposited either into the wear track or on the sides of the wear track. 24) In the TiBC and TiBC-40SiC films (Figs. 4(A) and 4(B) ), the wear track about 200 μm wide is seen with some ridges/grooves running in parallel to the track and debris piled up at the sides, in which the 22 and 23 wt% as the sum of Fe/Cr for TiBC and TiBC-40SiC coatings, respectively, was detected mainly at location 3. Therefore, the wear phenomenon for the TiBC and TiBC-40SiC films can be represented typically as the abrasive wear. In the TiBC-55SiC and60SiC, a part of the films is plucked by adhesion of balls and/or debris to expose the substrate (Fig. 4(C) ) or smeared with SUS balls, leaving Fe/Cr with the sum of 28 and 67 wt% for the 
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TiBC-55SiC and -60SiC coatings, respectively, on the worn track at location 1 (Fig. 4(D) ). In addition, many scars are left at locations 3 after being torn away with SUS balls. Therefore, it is assumed that a relatively severe adhesive wear predominates in these 55 and 60-SiC film coatings. Such a wear behavior occurs partly by the reaction with SUS of SiC in the composite TiBC film at the high content of SiC. The SiC film (Fig. 4(E) ) shows a relatively smooth surface with some amount of debris with a large amount of SiC (> 90 wt%), probably due to the adhesion wear. It is noted that Fe/Cr is contained a little at location 4100-200 μm away from worn track in any sample, meaning no ejection of ball debris from the track at this distance. SEM images of the films obtained after ball-on-disk tests using alumina balls (Hv -1800 Hv as reported by CSM Instruments) are shown in Fig. 5 . Since scars expelled from the track contain no Al2O3 component, abrasive wear of the films by hard alumina balls should predominate irrespective of any kind of the films, due to less reactive alumina ball with the films. In all the samples, the narrow tracks 130-160 μm wide that were worn by Al2O3 balls are seen, with craters of 6-8 μm deep running in parallel to the track, in contrast to the use of SUS balls that give a broad track 200 μm wide with shallow crater less than 5 μm deep. It is thought that Al2O3 balls harder than SUS ones deeply wear the films by abrasive wear process.
The friction coefficients (μ) of the films were also obtained by ball-on-disk wear tests using SUS and alumina balls ( Table 3) .
The μ values are relatively higher in the TiBC-55 and -60SiC than in the TiBC and TiBC-40SiC in using both SUS and The wear volume, that is, the wear rates of the film was determined from cross sectional profiles of the residual wear tracks by the laser microscopy (Fig. 6) . The hardness of the film also is compared as a function of the SiC content. It is interesting that the wear rates using SUS and alumina balls show a very similar trend that the wear rate is decreased with an increase of the SiC content from 0 to 55 to 60 mol% SiC, at which composition the wear rate levels off, and then slightly goes up at SiC composition. The hardness of the films increases with the content of SiC, reaching a level of 1900 and 2000 Hv at 55 and 60 mol% SiC, respectively, and falling down to a value of 1800 Hv at the SiC composition. It is clear that the dense structure at the 55 and 60 mol% SiC composition (Figs. 2(C) and 2(D)) is responsible for higher hardness of the films, while the relatively loosely packed surface leads to the smaller hardness of the TiBC film ( Fig.  2(A) ). The decrease of the wear rate with the SiC content is probably related to the increase of film hardness due to the high SiC content, suppressing the intense wear. The wear rate at the TiBC-55SiC composition was 4.2 × 10 -4 and 6.8 × 10 -4 mm 3 N -1 m -1 in use of SUS and alumina balls, respectively. The higher wear rate in the use of alumina ball is due to intensive wear by harder alumina balls. It is concluded that irrespective of the kind of ball, the smallest wear rate is obtained at the TiBC-55 and60SiC composite films, because this film is harder and forms very dense microstructures with submicron-sized particles on the surface.
Conclusion
Composite TiBC-SiC film coatings with various contents of SiC were deposited on Si wafer at 800°C from a mixed solution of TTEO, BTEO and/or HMDS by an Ar/H2 thermal plasma CVD. The phases detected on the films by GIXRD were TiB2, TiC and SiC. The TiBC and TiBC-40 mol% SiC films showed a relatively packed surface with particles of < 1 μm size, while the TiBC-55 and -60SiC films were very dense, composed of angular particles. The SiC film showed a relatively rough surface with agglomerated particles of about 1 μm. The cross-sectional microstructure of composite TiBC-55 mol% SiC was observed by TEM with EDX, revealing that this coating is composed of TiBC needles growing vertically into SiC partly containing fine TiC grains. It was found from ball-on-disk tests that the composite TiBC-55 and -60 mol% SiC films exhibit the higher wear resistance. 
